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Abstract

Laser  driven  dynamic  compression  experiments,  may,  in  materials  with  picosecond 

equilibration times, be possible with orders of magnitude less drive energy than currently 

used. As we show, the compression energy for geometrically similar experiments varies 

as the third power of the time scale of compression. For materials which equilibrate and 

can be characterized on picosecond time scales, the compression energy can be orders of 

magnitude  smaller  than  the  1-100  nanosecond  scale  time  scale  of  many  current 

experiments.  Recent  experiments  have  demonstrated  that  dynamically  compressed 

materials can equilibrate and be characterized on hundreds of picosecond time scales, 

consistent with this proposal.
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Substantial  experimental  resources have been devoted to  the dynamic compression of 

materials to extremely high (multiple Mbar) pressure over short (typically sub-ms) time 

scales1–6. Dynamic  compression experiments  use  material  impact-  or  laser  driven 

compression waves, where the speed (or speed distribution) of the wave front and the 

corresponding speed of material behind the wave front may be used  (via conservation of 

mass and momentum) to infer the density and pressure of the dynamically compressed 

state. In practice, such experiments often employ shock waves. Ideally, a shock wave is a 

large amplitude, steady monotonic compression wave which propagates faster than the 

speed of sound in the uncompressed material and achieves an equilibrium final state over 

a  material  dependent  rise  time  which,  in  the  absence  of  kinetically  limited  material 

transformations, can have ~picosecond duration2. 

For the determination of an equilibrium property, in principle the experiment does not 

need to be much longer than the time required to reach equilibrium and characterize the 

equilibrium state (via wave and particle speed measurements). Historically, shock wave 

experiments use compression times much longer than a nanosecond, which is a typical 

time resolution. Within the last two decades, methods to characterize shock waves with 

picosecond time  resolution  have  been  developed7–11, resulting  in  the  measurement  of 

enormous elastic compression on short time scales12–14, and the measurement of a tens of 

picosecond scale plastic shock rise time in aluminum12. These experiments require orders 

of magnitude less compression energy than longer time scale experiments to obtain and 

characterize comparable thermodynamic conditions, because the volume of compressed 
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material is much smaller (i.e. pL, compared to typically more than 0.1 L for larger scale 

work).  Here we outline principles which establish a  lower bound to  the  reduction of 

length, time, and energy scales in dynamic compression experiments, and show that some 

experiments might be performed with orders of magnitude less energy than used in longer 

time scale experiments.

In a dynamic compression experiment, the laser drive energy is roughly proportional to 

the compression energy,  which is proportional to the volume of compressed material, 
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Figure  1: A cross-sectional schematic of a spherical dynamic compression experiment from the side, 

with radius of curvature of the compression front, r, transverse radius, R, and the propagation distance 

of  the  compression  front  over  the  duration  of  the  experiment,  r.  The  compression  front  and 

piston/sample interface propagate to the right, and the compression front has speed v. We assume the 

piston instantaneously jumps to a radial, constant particle velocity at t=0, so that r = v tc .



Ec∝V c . The volume of material to be compressed (see Fig. 1) is given by:

V c ≈ v t c C R2
=  r C R2 , (1)

where tc is the compression time, v is the average speed of the compression wave, R is the 

radius of the compressed region transverse to the direction of travel of the compression 

wave,  and  C  is  a  constant  which  accounts  for  the  definition  of  R.  For  spherical 

compression, eq. 1 is accurate only when  r≪r , and here  r = v t c .  R may be 

defined as,  for instance,  the half  width of the transverse particle  speed profile  of the 

compression front, but the results below do not vary substantially (compared to an order 

of magnitude) over reasonable definitions of R.

In  principle,  neither  obtaining  extreme  conditions  nor  characterizing  the  final  state 

requires 1D compression. Nonetheless, we consider the deviation of finite aspect ratio 

(i.e. finite spot size) experiments from 1D compression to establish a common reference 

for the comparison of experiments at different scales. We define the aspect ratio, A, to be 

proportional to  R/ r  (see Fig.  1), where the constant of proportionality depends on 

the definition of R. Henceforth we assume a definition for R has been chosen to compare 

experiments. We assume a spherical compression front, with the understanding that, 1) 

1D  planar  compression  is  the  limit  of  spherical  compression  as  the  aspect  ratio 

approaches infinity, and 2) spherical compression fronts approximate those generated by 

a finite spot size in laser driven experiments. The deviation of the compression wave 

speed  obtained  in  a  quasi-1D experiment  (i.e.  finite  laser  drive  spot  size)  from that 

obtained in ideal 1D compression has an upper bound given by15:
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∣v
v ∣  ∣ r

r ∣ ∝
1

A2 , (2)

where v  is the deviation in compression wave speed from the ideal 1D case, r is the 

radius of curvature of the compression wave front (see Fig.  1),  the proportionality is 

approximately valid for large A, and  r /r  is a function of the aspect ratio only (for a 

given definition of R). So, the deviation of the compression wave speed (and related 

deviations in thermodynamic properties) from the 1D value is constant for a given aspect 

ratio. Effectively, experiments with the same aspect ratio (or planarity) are equivalent, 

assuming  the  compression  time  is  sufficient  to  obtain  and  characterize  the  relevant 

equilibrium compressed states. 

The  aspect  ratio  is  a  measure  of  the  planarity  of  the  wave  over  the  duration  of  the 

experiment, and is related to another metric for the planarity16,17, 

 bow ∝
1
A

. (3)

Generally,   bow  is used to correct time of flight measurements for non-planar wave 

propagation in longer time scale experiments, whereas here we use the aspect ratio to 

estimate the deviation of measured wave speeds from ideal 1D compression.  

Rewriting eq. 1 in terms of the aspect ratio,

Ec ∝ V c ≈ tc
3 v3 C ' A2 (4)

(where C' now also accounts for the constant of proportionality in the definition of R), 

allows direct comparison of compression energy as a function of compression time for 
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geometrically  similar  experiments.  For  a  constant  aspect  ratio,  sample,  and  final 

thermodynamic  state,  the  compression  energy  scales  with  the  third  power  of  the 

compression time, t c
3 . 

The compression time must be at least the time required for the sample to reach the final, 

equilibrated thermodynamic state plus the time required to characterize that state, and we 

may define a measurement efficiency for compression experiments as the ratio of the 

minimum compression time divided by the actual compression time. In a shock wave 

experiment, the equilibration time can be very short, in the picosecond  range2. Recent 

observations of shock waves in aluminum12 at shock pressures above 40 GPa measure the 

steady  state  plastic  rise  time  to  be  less  than  30  picoseconds.  Resolution  limited 

measurements of the time for shocks to merge in multiple shock experiments in initially 

cryogenic  deuterium  indicate  a  single  shock  rise  time  of  less  than  22  picoseconds6. 

Further, measurements of wave speeds have been demonstrated in many cases with sub-

10  ps  time  resolution7–10,12,  and,  in  conventional  experiments,  with  sub-100  ps  time 

resolution3,6.

To illustrate the potential advantage of a reduction in scale, consider Hicks et al.3, where a 

3.7  nanosecond,  <  3  kJ  energy  pulse  was  used  to  shock  compress  liquid  cryogenic 

deuterium. Assuming a total compression time of about 185 ps (20x shorter than 3.7 ns, 

but sufficient for equilibration and wave speed measurement), at a constant aspect ratio 

(i.e.  the spatial  scale  of the experiment must  also be reduced by a  factor of 20),  the 
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compression pulse energy may be reduced to less than 375 mJ, almost 104 less laser drive 

energy.

We also  note  the  potential  to  substantially  reduce the  scale  of  quasi-isentropic,  ramp 

compression  experiments.  In  particular,  shock  waves  in  weakly  interacting  materials 

(such as van der Waals liquids) can have sub-ps rise times (from simulations18), implying 

picosecond  equilibration  times.  Ramp  compression  experiments  typically  apply 

compression  over  much  more  than  1  ns,  generally  between  10-100  ns,  to  avoid  the 

formation of shock waves during the experiment, yet for picoseond equilibration times, 

quasi-isentropic  compression  might  be  achieved  even  for  sub-ns  compression  times. 

Consistent with the above example, a 10x reduction in compression time corresponds to a 

factor of 1000 in laser drive energy.
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A 2D hydrodynamics  simulation  of  multiple  shock  compression  of  cryogenic  liquid 

deuterium (shown in Fig.  2) illustrates the basic  feasibility of sub-ns quasi-isentropic 

compression. The multi-physics code,  ALE3D19, which can comprise several classes of 

phenomena, including hydrodynamics, thermal transport, equations of state, and reaction 

chemistry, was used to perform the simulations.  The mathematical formulation is based 

on  an  Operator-Split  method  and  involves  an  arbitrary  Lagrangian—Eulerian  (ALE) 

approach in a 3-D/2-D configuration.   In  these simulations we have not included the 
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Figure 2: The results of a 2D hydrodynamics simulation of the wave evolution for multiple shock wave 

compression of cryogenic liquid deuterium from 20 K initial temperature with a radially symmetric 

Gaussian  particle  speed  distribution  with  a  full  width  half  maximum  of  90  m.  Particle  speed 

distributions for different times (as labeled) along the axis of symmetry are shown. Vertical black lines 

in the main plot show the piston position and are labeled by the time for each plot. Density is labeled 

for each step on the right side axis. The shock fronts are designed to converge at a single depth. The 

piston  speed  as  a  function  of  time  along  the  axis  of  symmetry  is  shown in  the  inset.  The  final 

temperature from the simulations is ~3600 K, whereas the temperature of shock loaded deuterium at 

the same final pressure (~135 GPa, also from simulations) is > 30,000 K.



effects of reaction chemistry. For these simulations we used a Quotidian20 equation of 

state  for the deuterium. This equation of state is used in the form of a table  and for 

deuterium it is valid in the regime of temperature from 1K to 2 * 109K and in the range of 

density from  10-10 to 104 g/cm3. 

From  the  simulation,  the  total  compression  is  ~9x  over  about  3  m  of  initially 

uncompressed sample thickness,  along the axis of symmetry.  The shock wave speeds 

along the  axis  of  symmetry  are  well  within  1% of  shock wave speeds  for  ideal  1D 

compression, verifying that wave velocities in quasi-1D compression (at this aspect ratio) 

compare  very  well  to  wave  velocities  in  ideal  1D  compression,  in  principle.  Wave 

velocities have been measured over ~1 m spot sizes10,12, so variation of the wave speed 

over the compression spatial profile is negligible for a 90 m full width half maximum 

spot size.

Using well-known scaling laws relating the ablator piston speed to the pump intensity21,22 

and assuming a Gaussian spatial distribution of particle speeds with 90 m full width half 

maximum (sufficient to maintain an aspect ratio comparable to longer time scale work), 

this simulation indicates that ~9x initial density can be obtained over ~500 ps with ~200 

mJ of pump energy, which is substantially smaller than longer time scale experiments 

which achieve comparable final thermodynamic states3.

In summary, known picosecond equilibration times in materials coupled with picosecond 
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time resolution available to modern diagnostics open a path to extreme conditions with 

orders of magnitude less drive energy than currently used.  This may be achieved via 

compression on a time scale as much as 10-100x closer to the minimum time required to 

obtain and characterize the equilibrium state.
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